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Could astrophysical neutrinos have 
common origin with UHECRS?
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• Unger-Farrar-Anchordoqui model (UFA, 
2015 PRD):


1. Inject CRs into source environment


2. CRs processed by photon 
interactions

3. CRs escape source environment


4. CRs propagate to Earth


• Accounts for observed spectrum      
(>1017.5 eV) & composition (>1017.8 eV)

CR Source Model
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Muzio, Unger, Farrar PRD (2019)

All three data sets 
fit simultaneously
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• Addition of gas in source 
environment (single zone) — hadronic 
interactions


• Calculated interaction matrices with 
CRMC using Sibyll2.3c and EPOS-
LHC

• Realistic rigidity-dependent escape 
time, allowing for transition between 
diffusive, Bohm, & quasi-ballistic 
propagation regimes and reflecting 
finite source size

Elaborations to UFA

• Model doesn’t rely on specific astrophysical model


• Model parameters (10 EeV Fe-56 as the reference)

• Average # interactions (10 EeV 56Fe)


• Ratio of photon-to- 
gas interactions (10 EeV 56Fe)


• Preferred astrophysical properties constrained by 
model parameters
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Both gas- and photon-dominated 
sources can give good fits to CR data
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Photon dominated

Gas dominated
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<latexit sha1_base64="eSSTQ7smXt+rycnvkxmcil4Ag6k=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiapfbgQim5cVrAPaGOZTCbt0MkkzEyUUvspblwo4tYvceffOH0IKnrgwuGce7n3Hj9hVCrb/jAyS8srq2vZ9dzG5tb2jpnfbco4FZg0cMxi0faRJIxy0lBUMdJOBEGRz0jLH15M/dYtEZLG/FqNEuJFqM9pSDFSWuqZ+S4e0Bv3mAchPIOO5RR7ZsG2ytWS6xShbdmOWyxNSfm0XNGKY9kzFMAC9Z753g1inEaEK8yQlB3HTpQ3RkJRzMgk100lSRAeoj7paMpRRKQ3np0+gYdaCWAYC11cwZn6fWKMIilHka87I6QG8rc3Ff/yOqkKq96Y8iRVhOP5ojBlUMVwmgMMqCBYsZEmCAuqb4V4gATCSqeV0yF8fQr/J03XcsqWe3VSqJ0v4siCfXAAjoADKqAGLkEdNAAGd+ABPIFn4954NF6M13lrxljM7IEfMN4+Acrikmo=</latexit>

�2/ndf = 1.13

Sibyll2.3c
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<latexit sha1_base64="txXwJPuWyY4fuZqFKIKjBxiT0jk="></latexit>

N 0
� =

s

Ndof
(�2 � �2

min)

�2
min

Average number of interactions (10 EeV 56Fe)

Gas dominated

Photon-dominated 
sources less 
constrained

Photon dominated

CRs: Slight preference for 
photon-dominated sources
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Multimessenger Constraints
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Multimessenger Constraints
Ph

ot
on

G
as
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Multimessenger Constraints

N� > 2.58
<latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit>

UHECR ConstraintPh
ot

on
G

as
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Multimessenger Constraints

N� > 2.58
<latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit>

UHECR Constraint

<latexit sha1_base64="Pw+b/lG5vxhnuATJivtpQQm6ZDc=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEV2WmLdO6kaIUupIK9gGdsWTStA3NZIYkI5ShuPFX3LhQxK1f4c6/MX0IKnog5HDOvdx7jx8xKpVlfRippeWV1bX0emZjc2t7x9zda8owFpg0cMhC0faRJIxy0lBUMdKOBEGBz0jLH11M/dYtEZKG/FqNI+IFaMBpn2KktNQ1Dy67Lo9v3ACpoQiSaq06gWewmCsVu2bW0p/tOAU4I2XLmROncArtnDVDFixQ75rvbi/EcUC4wgxJ2bGtSHkJEopiRiYZN5YkQniEBqSjKUcBkV4yO2ECj7XSg/1Q6McVnKnfOxIUSDkOfF05XVX+9qbiX14nVv2yl1AexYpwPB/UjxlUIZzmAXtUEKzYWBOEBdW7QjxEAmGlU8voEL4uhf+TZj5nO7n8VTFbOV/EkQaH4AicABuUQAXUQB00AAZ34AE8gWfj3ng0XozXeWnKWPTsgx8w3j4BkvSWQw==</latexit>

NEHE

⌫ > 4.74 EHE 𝜈 Constraint

Ph
ot

on
G

as
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Multimessenger Constraints

N� > 2.58
<latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit>

UHECR Constraint

𝛾-ray flux > EGB + 1𝜎
(always weaker than 𝜈-bound) 

<latexit sha1_base64="Pw+b/lG5vxhnuATJivtpQQm6ZDc=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEV2WmLdO6kaIUupIK9gGdsWTStA3NZIYkI5ShuPFX3LhQxK1f4c6/MX0IKnog5HDOvdx7jx8xKpVlfRippeWV1bX0emZjc2t7x9zda8owFpg0cMhC0faRJIxy0lBUMdKOBEGBz0jLH11M/dYtEZKG/FqNI+IFaMBpn2KktNQ1Dy67Lo9v3ACpoQiSaq06gWewmCsVu2bW0p/tOAU4I2XLmROncArtnDVDFixQ75rvbi/EcUC4wgxJ2bGtSHkJEopiRiYZN5YkQniEBqSjKUcBkV4yO2ECj7XSg/1Q6McVnKnfOxIUSDkOfF05XVX+9qbiX14nVv2yl1AexYpwPB/UjxlUIZzmAXtUEKzYWBOEBdW7QjxEAmGlU8voEL4uhf+TZj5nO7n8VTFbOV/EkQaH4AicABuUQAXUQB00AAZ34AE8gWfj3ng0XozXeWnKWPTsgx8w3j4BkvSWQw==</latexit>

NEHE

⌫ > 4.74 EHE 𝜈 Constraint

Ph
ot

on
G

as

12
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Multimessenger Constraints

<latexit sha1_base64="Pw+b/lG5vxhnuATJivtpQQm6ZDc=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEV2WmLdO6kaIUupIK9gGdsWTStA3NZIYkI5ShuPFX3LhQxK1f4c6/MX0IKnog5HDOvdx7jx8xKpVlfRippeWV1bX0emZjc2t7x9zda8owFpg0cMhC0faRJIxy0lBUMdKOBEGBz0jLH11M/dYtEZKG/FqNI+IFaMBpn2KktNQ1Dy67Lo9v3ACpoQiSaq06gWewmCsVu2bW0p/tOAU4I2XLmROncArtnDVDFixQ75rvbi/EcUC4wgxJ2bGtSHkJEopiRiYZN5YkQniEBqSjKUcBkV4yO2ECj7XSg/1Q6McVnKnfOxIUSDkOfF05XVX+9qbiX14nVv2yl1AexYpwPB/UjxlUIZzmAXtUEKzYWBOEBdW7QjxEAmGlU8voEL4uhf+TZj5nO7n8VTFbOV/EkQaH4AicABuUQAXUQB00AAZ34AE8gWfj3ng0XozXeWnKWPTsgx8w3j4BkvSWQw==</latexit>

NEHE

⌫ > 4.74 EHE 𝜈 Constraint

N� > 2.58
<latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit>

UHECR Constraint

𝛾-ray flux > EGB + 1𝜎
(always weaker than 𝜈-bound) 

Ph
ot

on
G

as

Gas-dominated sources 
in tension with 

EHE neutrino constraints
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Spectral Index of UHECR Accelerator
Ph

ot
on

G
as

<latexit sha1_base64="uX4mofV5z2g3AMa9ctCGegic1lE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRF1GVRBHFVwT6giWEynbRjZ5IwMxFKyM6Nv+LGhSJu/QV3/o2TNgttPTBwOOde5p7jx4xKZVnfRmlhcWl5pbxaWVvf2Nwyt3faMkoEJi0csUh0fSQJoyFpKaoY6caCIO4z0vFHF7nfeSBC0ii8VeOYuBwNQhpQjJSWPHP/GjqScnh5lzoDxDnyHI7UUPCUhvdZ5plVq2ZNAOeJXZAqKND0zC+nH+GEk1BhhqTs2Vas3BQJRTEjWcVJJIkRHqEB6WkaIk6km05yZPBQK30YREK/UMGJ+nsjRVzKMff1ZH6knPVy8T+vl6jgzNWJ4kSREE8/ChIGVQTzUmCfCoIVG2uCsKD6VoiHSCCsdHUVXYI9G3metOs1+6RWvzmuNs6LOspgDxyAI2CDU9AAV6AJWgCDR/AMXsGb8WS8GO/Gx3S0ZBQ7u+APjM8fIj2ZhA==</latexit>

J ⇠ E�inj
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Spectral Index of UHECR Accelerator
Spectral indices ~E-2 

compatible with UHECRS
in tension with EHE 

neutrinos

Accurate measurement of 
neutrino flux in ~10 PeV energy 

range could exclude E-2

Ph
ot

on
G

as

<latexit sha1_base64="uX4mofV5z2g3AMa9ctCGegic1lE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRF1GVRBHFVwT6giWEynbRjZ5IwMxFKyM6Nv+LGhSJu/QV3/o2TNgttPTBwOOde5p7jx4xKZVnfRmlhcWl5pbxaWVvf2Nwyt3faMkoEJi0csUh0fSQJoyFpKaoY6caCIO4z0vFHF7nfeSBC0ii8VeOYuBwNQhpQjJSWPHP/GjqScnh5lzoDxDnyHI7UUPCUhvdZ5plVq2ZNAOeJXZAqKND0zC+nH+GEk1BhhqTs2Vas3BQJRTEjWcVJJIkRHqEB6WkaIk6km05yZPBQK30YREK/UMGJ+nsjRVzKMff1ZH6knPVy8T+vl6jgzNWJ4kSREE8/ChIGVQTzUmCfCoIVG2uCsKD6VoiHSCCsdHUVXYI9G3metOs1+6RWvzmuNs6LOspgDxyAI2CDU9AAV6AJWgCDR/AMXsGb8WS8GO/Gx3S0ZBQ7u+APjM8fIj2ZhA==</latexit>

J ⇠ E�inj
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Spectral Index of UHECR Accelerator
Spectral indices ~E-2 

compatible with UHECRS
in tension with EHE 

neutrinos

Accurate measurement of 
neutrino flux in ~10 PeV energy 

range could exclude E-2

Ph
ot

on
G

as

<latexit sha1_base64="uX4mofV5z2g3AMa9ctCGegic1lE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRF1GVRBHFVwT6giWEynbRjZ5IwMxFKyM6Nv+LGhSJu/QV3/o2TNgttPTBwOOde5p7jx4xKZVnfRmlhcWl5pbxaWVvf2Nwyt3faMkoEJi0csUh0fSQJoyFpKaoY6caCIO4z0vFHF7nfeSBC0ii8VeOYuBwNQhpQjJSWPHP/GjqScnh5lzoDxDnyHI7UUPCUhvdZ5plVq2ZNAOeJXZAqKND0zC+nH+GEk1BhhqTs2Vas3BQJRTEjWcVJJIkRHqEB6WkaIk6km05yZPBQK30YREK/UMGJ+nsjRVzKMff1ZH6knPVy8T+vl6jgzNWJ4kSREE8/ChIGVQTzUmCfCoIVG2uCsKD6VoiHSCCsdHUVXYI9G3metOs1+6RWvzmuNs6LOspgDxyAI2CDU9AAV6AJWgCDR/AMXsGb8WS8GO/Gx3S0ZBQ7u+APjM8fIj2ZhA==</latexit>

J ⇠ E�inj

What about the astrophysical 
neutrino flux description?



Marco Muzio (Penn State) 17

<latexit sha1_base64="2b9bM/uGkIoZj1OgvDk6HE7vil0=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZPQpnVXdOOygrWFJi2TyaQdOpmEmYlSQv/DjQtF3Pov7vwbpw9BRQ9cOJxzL/feE6SMSmVZH0ZhZXVtfaO4Wdra3tndK+8f3MokE5i0ccIS0Q2QJIxy0lZUMdJNBUFxwEgnGF/O/M4dEZIm/EZNUuLHaMhpRDFSWup7eET7zsDj2RkPo0G5Ypm249adc2iZbs1quFVNLNt2ag1om9YcFbBEa1B+98IEZzHhCjMkZc+2UuXnSCiKGZmWvEySFOExGpKephzFRPr5/OopPNFKCKNE6OIKztXvEzmKpZzEge6MkRrJ395M/MvrZSpq+DnlaaYIx4tFUcagSuAsAhhSQbBiE00QFlTfCvEICYSVDqqkQ/j6FP5Pbh3Tdk3nulppXizjKIIjcAxOgQ3qoAmuQAu0AQYCPIAn8GzcG4/Gi/G6aC0Yy5lD8APG2ydqlpJ7</latexit>

�2
⌫/ndf

*only non-UHECR 
component fit

High-energy component 
from UHECRs

Fit for low-energy component 
not from UHECRs

<latexit sha1_base64="v310yDZ32YAfNIRwyMxVVGzCS2M="></latexit>

�⌫ ⇠ �0E
�e�E/Ecut

to astrophysical neutrinos

17
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C
R

 c
on

st
ra

in
ts

Best description of 
astrophysical neutrino 

flux corresponds to 
best-fit UHECR region!

18
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Best Description of Astrophysical Neutrino Flux

<latexit sha1_base64="POsfVM5+KbAf2uOHBca79d+nGJ8="></latexit>

Rdi↵ = 1017.8 V

L/�c = 9.5

<latexit sha1_base64="ueEc5k6KNGrnLs/7VCH0Co3meWg="></latexit>

TBB = 8987 K

�inj = �1.16

<latexit sha1_base64="6pJ3U5PZpWnTG8h4O/+s9VbePgA="></latexit>

hNinti = 447

hN�
inti

hNp
inti

= 22387�(Xmax)
<latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit>

hXmaxi
<latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit>

Inferred Source Parameters:

Sibyll2.3c

Marco Muzio (Penn State)



Marco Muzio (Penn State)

Narrowing in on Possible Sources

Performed MCMC to find 
spread of parameter values 
compatible with data and 

constraints

Posterior distribution modes and 
16th/84th percentiles indicated

20
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Work in Progress: the Not-Hillas Plot
<latexit sha1_base64="+Pf4lAqa/+c4GM+WrXC9tzY9+fw=">AAACDXicbVC7TgJBFJ31ifhatbSZgCZWm11CkJJoQ4mJPBJAmB1mYcLsIzN3jWSzP2Djr9hYaIytvZ1/4/AoFDzJTU7OuXfm3uNGgiuw7W9jbX1jc2s7s5Pd3ds/ODSPjhsqjCVldRqKULZcopjgAasDB8FakWTEdwVruuPrqd+8Z1LxMLiFScS6PhkG3OOUgJZ65lkH2AMk/X6VC0FUDqeOfZc4ZatUTOcWbqQ9M29b9gx4lTgLkkcL1HrmV2cQ0thnAVD9qmo7dgTdhEjgVLA024kViwgdkyFraxoQn6luMrsmxedaGWAvlLoCwDP190RCfKUmvqs7fQIjtexNxf+8dgxeuZvwIIqBBXT+kRcLDCGeRoMHXDIKYqIJoZLrXTEdEUko6ACzOgRn+eRV0ihYTskq3BTzlatFHBl0inLoAjnoElVQFdVQHVH0iJ7RK3oznowX4934mLeuGYuZE/QHxucP9FSa2Q==</latexit>

“H
illas”

10 18.64
V

Effective Source Size

M
ag

ne
tic

 F
ie

ld
 

St
re

ng
th

What known 
astrophysical sources lie 

in the favored region?

Posterior distribution 
constrains source size L and 

magnetic field strength B

Source regions indicated 
represent fiducial values 
from literature, plot still 

being populated

PRELIMINARY
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Summary MSM, Farrar, Unger (2021) 

arXiv:2108.05512

MSM, Farrar, Unger (2022) in preparation

• Gas & photon interactions in source 
environment can explain UHECR data


• Gas dominated source environments in 
tension with EHE neutrinos


• Viability of soft spectral indices like 
~E-2  determined by accurate 
measurement of neutrino flux at ~10 PeV

• High energy astrophysical neutrinos 
can be explained by UHECR sources

• Analysis constrains astrophysical 
source properties, potentially determines 
preferred source types PRELIMINARY
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Thank you!

23


